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Abstract
The Directly heated supercritical oxy-fuel gas turbines have the potential to become an
important addition to current power generation systems. They provide a higher thermal
efficiency and more effective carbon capture techniques than existing gas turbines. Due to the
higher density of the working fluids, the turbomachinery size in these systems can be reduced
significantly; this will facilitate to minimize the operational cost. To achieve supercritical
working fluid at the turbine inlet combustion needs to be conducted under enormous amounts of
pressure; these values are is about 10 times those found in the present gas turbines. Additionally,
existing material operational constraints limits the maximum temperature that can be produced
during the oxy-combustion process. Therefore, designing a directly heated supercritical gas
turbine poses an immense amount of challenge. Motivated by the advantages of a supercritical
power generation system, this study focuses on development of the conceptual layout of a ≈300
MW supercritical power generation system. The investigation has been performed incorporating
two different types of combustor feed system: Gaseous and Liquid. The thermodynamic cycle
analysis has been performed using ASPEN HYSYS® simulation package based on the proposed
conceptual design. Furthermore, the entropy generation during the combustion process has been
estimated numerically. The investigation contains the analysis of the net plant efficiency as well
as the development of the P-v diagram and T-s for the gas turbines of the power generation
systems. The study reveal that, although the gaseous feed system driven gas turbine generates
more entropy than the liquid feed system driven gas turbine; more net work can be extracted
while using the liquid feed system. Finally, the study is performed incorporating carbon dioxide
recirculation into the combustor to keep the combustion temperature within the material
operation range. The carbon dioxide recirculation case has been studied only for the liquid feed
system driven gas turbines. While conducting the analysis incorporating carbon dioxide
recirculation, both gaseous CO2 and liquid CO2 recirculation circumstance has been investigated
for the performance comparison purposes. The analysis exhibits that, the net plant efficiency
while recirculating gaseous carbon dioxide is ≈56. 7 % where as for the liquid carbon dioxide is
≈44.5 %. This is due to the fact that, the condensation and pumping process of the carbon
dioxide requires significantly more energy than the gaseous carbon dioxide compression process.
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Chapter 1: Introduction
1.1

Motivation
Fossil fuels have played a leading role in the energy sector of the United States due to

their abundance, cost effectiveness, and high energy content per unit mass. Nevertheless, energy
security and the inverse environmental impacts of the fossil fuel pose a great challenge to the US
and the other countries. Global warming due to the increasing amount of greenhouse gas
emission is inarguably the most crucial environmental issue the world is facing these days. The
United

Nations

framework

Convention

on

Climate

Change

(UNFCCC)

and

the

Intergovernmental Panel on Climate Change (IPCC) have been employed three options to
resolve this matter: (i) increasing the energy efficiency, (ii) switching to less carbon intensive
sources of energy and (iii) carbon sequestration [1]. The Directly heated supercritical oxy-fuel
gas turbines have the potential to become a suitable solution to these issues. The theoretical
analysis shows that, a directly heated oxyfuel SGT has capability of achieving a thermodynamic
efficiency of more than 50 %, which is significantly higher than the existing gas turbines [2][3].
Additionally, for a hydrocarbon burning with oxygen the resulting exhaust stream is composed
mainly of carbon dioxide and water vapor. This exhaust allows for easier carbon capture and
sequestration, since the water can be condensed out. Another advantage is the significant
reduction of NOx, since much of the nitrogen found in air-fired systems is eliminated. In spite of
these advantages, not much work has been done on developing of a supercritical power
generation system. To conduct supercritical combustion the fuel and oxidizer must be delivered
into the combustion chamber at a very high pressure, which is around 10 times higher than the
existing line pressure. No publication has been found that concentrates on very high pressure
feed systems for the supercritical combustor. Nonetheless, to develop an efficient power
generation system, it is important to determine a suitable feed system for the combustor that can
deliver super high pressure fluid as well as ensure higher efficiency for the power plant. Inspired
by the advantages of a supercritical power generation system; this study focuses on the
development of a conceptual design of a ≈300 MW supercritical power generation system
addressing varies options for supercritical combustion feed system and system configuration.

1

1.2

Conventional Gas Turbines vs. Directly Heated Oxy-fuel SGT
According to the United States Energy Information Administration (EIA), the majority of

US energy was produced by coal and natural gas burning in 2014 [4]. The thermal efficiency of
the conventional coal and natural gas powered gas turbines falls between ≈ 30 % - 50 % [2][5].
Due to the low efficiency of power plants, the system requires a huge amount of fuel burning for
comparatively less energy production. These processes cause a large amount of greenhouse gas
emissions. Generally, the conventional gas turbines generally operate at 3-5 MPa combustion
pressure range [2][5]. On the other hand, the directly heated oxy-fuel supercritical gas turbine
operates at 30 MPa combustion pressure range. According to the NETL theoretical analysis,
these types of gas turbines offer more than 50 % thermal efficiency; it also provides the option of
using methane and syngas as fuel [6]. Additionally, in the conventional gas turbine the
combustion products come out as gaseous phase. In contrary, in the supercritcal gas turbines the
combustion process produces supercritical fluid, which is almost 3-5 times dense than
conventional gas turbines. This will reduce the components size as well as the operational cost.

Other
renewables
7%
Hydropower
6%

Other gases
1%

Coal
40%

Nuclear
19%

Natural gas
27%

Figure 1 Energy Consumption by the United States in 2014
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1.3

Supercritical Working Fluid
The overreaching goal for

this project is to design a gas
turbine

that

can

provide

supercritical combustion product
as

turbine

working

fluid.

A substance shows supercritical
behavior at a temperature and
pressure above to its critical point;
at that phase distinct liquid and gas
phases

do

not

Thermodynamically the

exist.
critical

point is demonstrated by the end
point of the phase equilibrium
curve.

The

pressure

Figure 2 Phase Diagram of an Element

and

temperature at the supercritical phase is stated by the critical pressure and critical temperature
respectively. Figure 2 shows the pressure and temperature curve of any substances, which
demonstrates the different phases of the substance. From the figure it can be seen that at the
critical point the gaseous phase and liquid phase exist concurrently. At this condition the fluids
can effuse through a solid like a gas, and dissolve material like a liquid. Moreover, as the fluid
approaches to the critical point, slight variations in temperature or pressure cause significant
change in density, which permits several properties of a supercritical fluid to be adjusted. These
characteristic of the supercritical fluid will facilitate to design an efficient gas turbine.
The advantages of using a supercritical working fluid inside the turbine can be
demonstrated by its thermodynamic properties. It is known from thermodynamic fundamentals
that the work extraction during the expansion process can be estimated by the change in density
of the working fluid [7]. Thus, the merits of supercritical combustion can be realized by
analyzing the change in density of the combustion products at the critical phase. In this particular
study, methane and pure oxygen have been considered as fuel and oxidizer respectively. For the
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700

hydrocarbon oxy-combustion, the two main combustion products are carbon dioxide and water
vapor.
CH4 + O2 → CO2 + H2O + …
During ideal combustion process, 55 % of the combustion products are consisted of the
carbon dioxide when rest of 45 % is consisted of water vapor (mass basis). In the actual process
there are several other elements are generated due to high temperature disassociation. The
advantages of supercritical combustion can be understood by judging the density behavior of
carbon dioxide and water vapor. The density of the carbon dioxide and water vapor can be seen
from figure 3 and 4. These plots have been generated acquiring data from the National Institute
and Technology Database (NIST). In a conventional gas turbine, the turbine inlet pressure falls
between 2 MPa to 5 MPa [2]. The critical pressure and temperature for the carbon dioxide and
water vapor are 7.4 MPa and 304.13 K, and 22.06 MPa and 647.1 K respectively [8].The current
study has been proposed 30 MPa pressure at the turbine inlet. From the figure it can be seen that,
there is a drastic change in density once the fluids reaches to the critical point. The density of the
carbon dioxide at 7 MPa is ≈ 243 kg/m3, whereas the critical density is ≈467 kg/m3. On the
other hand, the density of the water vapor at 22 MPa is ≈ 182 kg/m3, whereas the critical density
is ≈388 kg/m3. These significant changes in density will facilitate to extract more energy during
the expansion process than conventional power generation systems.
1.4

Oxy-fuel Combustion
Conventional fossil fuel combustion processes that use air produce a diluted CO2 stream

in their flue gases; this is due to the high N2 concentration present in air making the capturing
process a relatively expensive one. Combustion where pure oxygen used as an oxidizer instead
of air is known as oxy-fuel combustion which has significant advantages over conventional
combustion techniques. The biggest advantage of conducting oxy-combustion is convenient
carbon capture technique. Since the products of the oxy-combustion products are water and
carbon dioxide, water can be easily condensed and the remaining CO2 collected and sequestered.
The current study has been proposed oxy-fuel combustion instead of conventional aircombustion. This method will reduce plant operational cost as well as increase plant efficiency.

5

1.5

Carbon Dioxide Capture and Sequestration (CCS)
Carbon capture and sequestration process is described by the removal of the carbon

dioxide gas from the combustion products and long term storage of CO2 for alternative use. This
process will minimize the inverse impact of the fossil fuel burning on the environment. The
advantage of oxy-combustion can be explained by the efficient carbon capture process. The
analysis shows that up to 99% carbon dioxide can be captured from turbine exhaust by
integrating CCS unit [3][5]. For this particular project, the carbon capture unit is integrated
within the power plant. The carbon dioxide generated during the combustion process will be
captured and sequested. Additionally, part of the captured carbon dioxide will be recirculated
into the combustion chamber to keep the combustion temperature within the material limiting
range. Due to easy carbon capture and sequestration process, the overall efficiency of the gas
turbine will be increased.

6

Chapter 2: Background Study and Project Statement
2.1

Background Study
The greenhouse gas emission due to fossil fuel burning is one of the major concerns for

the energy production arena. It is exhibited earlier that, almost 67 % of the US energy in 2014
came from the fossil fuel. White et al. mentioned that according to the IPCC, the Earth’s average
global surface temperature increased by 0.6 ± 0.2 K over the twentieth century and it will
increase by 3.7 K by 2100. The 10 warmest years in the last century occurred after 1984. The
literature stated that, three major options are discovered by the UNFCCC and IPCC to handle the
global warming issues without severely impacting the current standard of living; they are (i)
increasing energy efficiency (ii) switching to less carbon intensive sources of energy, and (iii)
carbon sequestration.
Wright et al. addressed the efficiency of the existing power generation technologies. The inquiry
reveals that the minimum efficiency is provided by the geo thermal power plant ranging 17.5%-31%, and
the maximum efficiency amongst the existing technologies is shown by combined cycle fossil fuel power
plant, 54%. The author mentioned that, the efficiency of the power production system can be increased
significantly while introducing supercritical carbon dioxide in the energy production cycle. From the
figure 5 it can be seen that, the plant efficiency can be raised up to 7% for the solar trough and up to 9%

Figure 5 Efficiency of the Existing Power Generation Systems [6]
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for the advanced gas cooled reactor nuclear power plant by introducing supercritical carbon dioxide into
the power cycle.

Richard et al. mentioned about two types of supercritical power generation systems (i)
indirectly heated, and (ii) directly heated. The analysis discussed about the advantages of the SCO2 power cycles. The indirectly heated S-CO2 power cycle has capability of achieving more
than 50 % thermal efficiency. The solar trough and nuclear power plants which are displayed in
figure 5 follow the indirectly heated S-CO2 power generation method. Due to the low pressure
ratio the turbomachinery size will be reduced. It also provides the option for operating at
constant temperature heat source and the system is adaptable for the dry cooling. The directly
heated oxyfuel S-CO2 gas turbine can be implemented for different kind of fuels: IGCC coal
syngas or natural gas. The cycle provides the opportunity of 100 % carbon capture and
sequestration from the process.
The study reveals that, currently the studies are mostly focused on the implementation of
the S-CO2 in the steam, nuclear and solar power plant. In these processes the carbon dioxide is
indirectly heated from the outside source. Ohji et al. addressed that the implementation of S-CO2
in the steam turbine will reduce carbon dioxide emission by 10% and operational costs by 20%
than the existing system. The study also shows that the thermal efficiency of a steam turbine can
be increased up to 14%.
The Idaho National Laboratory conducted an analysis on improving efficiency of the very
high temperature reactor (VHTR) incorporating S-CO2 in the power cycle. The research team
developed a S-CO2 Brayton cycle for the indirectly heated S-CO2 power cycle. The analysis
shows that, the ideal gas isentropic assumptions cannot be employed for the supercritical fluid
thermodynamic analysis. The polytropic compression and expansion formulas were derived
based on the real gas assumptions. The analysis was conducted using both ASPEN PLUS® and
ASPEN HYSYS® software package. It is mentioned that, the Lee Kesler Plocker equation of
state had been used for the thermodynamic analysis, which is the most accurate EOS defined in
those software. The analysis also incorporated material investigation. Three different materials
are taken into consideration for the analysis purposes: (i) Inconel MA 754, (ii) Inconel MA
758m, and (iii) Inconel 617. The study shows that, the corrosion poses the main challenge during
8

the material selection. The team suggested, a long time (≥1000 hours) corrosion testing needs to
be performed to characterize the corrosion behavior.
Ma et al. mentioned about employment of S-CO2 in the concentrated solar power plants
(CSP). The study states that, the implementation of recompression S-CO2 Brayton cycle in the
CSP has potential to achieve equivalent or higher thermal efficiency that the supercritical or
superheated steam turbine. The analysis also mentioned about the reduction of the component
size due to highly dense working fluid.
There are very few research work has been found that concentrates on the directly heated
supercritical oxyfuel power generation. The southwest research institute is one of the very few
investigators those who focus on the directly heated supercritical gas turbines. According to the
SWIR report, the directly fired supercritical oxy-combustion cycles using the recompression
closed Brayton cycle has potential to achieve 64% thermal efficiency as well as 52% net plant
efficiency. Both natural gas and syngas can be utilized as a fuel. The task explains that the
combustion chamber pressure for this case is 29 MPa and the turbine inlet temperature is 1493
K. Due to oxy-combustion technique the plant has capability of capturing 99% carbon dioxide
from the exhaust gas. The research institute also conducted a study on the indirectly heated SCO2 power cycle integrating coal fired oxy combustion. The analysis shows that, for this case the
plant thermal efficiency reaches up to 39.3 %, which incorporates 99% carbon capture from the
combustion product.
Material operational limitation is one of the crucial factors for developing a supercritical
power generation system. It limits the maximum temperature that can be generated during the
combustion process. The SWIR states that the maximum turbine inlet temperature at the 29 MPa
is 1493 K. Wright et al. addressed that the usual operating temperature at 30 MPa is 1423 K.
Nevertheless, oxy-combustion produces almost 3300 K-3500 K temperature during the
combustion process. Hong et al. mentions that the combustion temperature can be controlled by
recirculation large amount of carbon dioxide.
The carbon capture and sequestration (CCS) unit has impact on the net plant efficiency.
This is due to the fact that, the CCS unit provides carbon dioxide to reduce combustion
9

temperature; it also requires energy to run the turbomachinery which are provided by the gas
turbine. White et al. mentions in a study that, the efficiency of a plant reduced 10% due to the
integration of carbon capture unit.
2.2

Project Statement
The literature review revealed that no investigation has been performed to choose a

proper feed system for the directly heated oxyfuel supercritical gas turbine. However, to develop
an efficient gas turbine it is essential to determine an appropriate feed system for the combustor
that can deliver super high pressure fluids as well as ensure higher efficiency for the power plant.
This particular study focuses on the determination of a feasible feed for the supercritical
combustor. At first a conceptual layout of a directly heated supercritical oxyfuel power
generation system is developed. The system analysis is performed based on the proposed
conceptual design. Afterwards, the analysis is performed for two different types of feed system
((i) Gaseous feed system, and (ii) Liquid feed system) driving the gas turbines to elect a feasible
feed system. As it is mentioned previous section, the material operational capability limits the
maximum temperature that can be generated during the combustion process. Thus, the analysis is
performed incorporating the carbon dioxide recirculation into the combustion chamber. While
conducting the analysis incorporating carbon dioxide recirculation, both gaseous CO2 and liquid
CO2 recirculation has been studied for the performance comparison purposes. The cycle analysis
is performed using ASPEN HYSYS® software package. The entropy generation during the
combustion process is estimated numerically since it is not provided by the software. Afterwards,
the T-s and P-v diagrams are generated for the systems and compared to choose a suitable feed
system. Finally the net plant efficiency and the thermal efficiency is estimated for the directly
heated supercritical power plants.

10

Chapter 3: Conceptual Layout Development
The conceptual layout of a Directly Heated Oxy-Fuel Supercritical Power Generation
System (Figure 6) is developed based on the NETL directly heated SCO2 conceptual Brayton
cycle [9]. The proposed layout includes the feed system required for supercritical combustion,
combustor, turboexpander, generator and CO2 recapture unit. To deliver a supercritical working
fluid into the turboexpander, combustion needs to be conducted well above the critical pressure
and temperature of the combustion products. This is due to the fact that the ideal Brayton cycle
assumes constant pressure heat addition inside the combustion chamber; therefore the fuel and
oxidizer must be transported into the combustion chamber at the required turbine inlet pressure.
The proposed feed systems are intended to deliver fuel and oxidizer at 30 MPa to the combustion
chamber; which is well above of combustion products critical pressures. For this operation, two
types of feed systems are considered for the power plant: (i) Gaseous Feed System, and (ii)
Liquid feed System.
3.2

Turbomachinery Inlet Parameters
A thorough investigation is conducted to determine the inlet parameters for the

turbomachinery. For the proposed gas turbine layout, methane is used as a fuel and pure oxygen
is used as oxidizer. The inlet pressure and temperature for methane is considered 3 MPa and 313
K, both of which are obtained from a DoE Report [2]. On the other hand, oxygen inlet pressure
and temperature is considered 250 KPa and 288 K these are obtained from Deepak Kumar
Bhunya at el. [14].
The objective for this study is to design a feed system that can assist to produce
supercritical working fluid at the turboexpander inlet. To meet the purpose, combustion needs to
be performed at a pressure which is higher than the critical pressures of the combustion products.
Due to the constant pressure heat addition inside the combustion chamber, the feed system must
deliver fuel and oxidizer into the combustion chamber at a pressure that is higher than the

11

Figure 6 Conceptual Layout of a Directly Heated Supercritical Power Generation System
12

combustion products critical pressures. From literature it is found that the critical pressure for
CO2, and H2O are 7.4 MPa and 22.06 MPa respectively and the critical temperatures are 304 K
and 647 K respectively [8],[15]. That implies the combustion needs to be conducted above 22.06
bar, which is the critical pressure for water vapor and maximum among the products. The
conceptual gas turbine design proposes the fuel and oxidizer to be delivered at 30 MPa pressure
into the combustion chamber. Currently there is a material constraint that determines the
maximum temperature that can be produced during combustion process at such a high pressure.
Literature suggests that the combustion chamber temperature must remain around 1400 K -1500
K [3][13], which is much lower than stoichiometric oxy-methane combustion temperature [16].
A significant amount of CO2 can be recirculated to keep the temperature within the range of the
operating point.
These large amounts of carbon dioxide will be obtained from the CO2 recapture unit
which is integrated with the directly heated supercritical power generation system. The
parameters for the carbon dioxide at the CO2 capture unit outlet is acquired from literature; it
reveals that the pressure and temperature for the carbon dioxide at the CO2 capture unit outlet
falls around 11 MPa and 303 K [5]. Later, the carbon dioxide will be processed and compressed
as it is required by the system.
3.3

Feed System
According to the literature, the Southwest Research Institute recommends 29 MPa

pressure inside the combustion chamber [3], which is close to the proposed 30 MPa combustor.
Nevertheless, there is no clear indication of fuel and oxidizer feed system for the combustor is
found in the literature. The current study considers two different feed systems that can be used to
deliver super high pressure fluid to the combustor: Gaseous and Liquid Feed System.
3.3.1 Gaseous Feed System
As it is mentioned earlier, to produce supercritical combustion product at the turbine
inlet, the fuel and oxidizer need to be delivered to the combustion chamber at 30 MPa pressure.
In conventional power plants, the average chamber pressure is around 3-5 MPa [2][5]. In those
power plants, air is usually extracted from the atmosphere and compressed before delivering into
13

the combustor. In contrary, the line pressure for methane (CH4) is around 3 MPa; thus it does not
require compression before delivering into the combustion chamber. In contrast, a supercritical
combustor requires 30 MPa pressure at the combustor inlet. Investigation is performed to obtain
a suitable compression technique for the supercritical combustor. To achieve the required
pressure at the combustion chamber inlet, methane needs to be compressed a pressure ratio of 10.
Existing technology permits methane to be compressed at 10 pressure ratio. On the other hand, to
achieve this amount at the combustion chamber inlet, oxygen needs to be compressed at more
than 100 pressure ratio. However, there is no compressor available that can compress oxygen at
that high pressure ratio. Nevertheless, for the investigation purposes, the analysis is performed
assuming a multistage oxygen compressor with 120 pressure ratio.
3.3.2 Liquid Feed System
Liquid feed systems can be a suitable option for delivering both fuel and oxidizer to the
combustion chamber inlet. In this process they will be liquefied using a refrigeration system and
then pumped into the combustion chamber using a cryogenic pump. Due to low boiling points of
methane and oxygen, -162⁰C and -183⁰C respectively, both fluids can be liquefied using a
conventional refrigeration system. [8].
The conventional refrigeration cycle consists of four major steps: (i) Evaporation, (ii)
Compression, (iii) Condensation, and (iv) Expansion. In this particular system, refrigerant will be
evaporated by absorbing heat from fuel or oxidizer. This step will liquefy oxygen and fuel to the
desired temperature. Afterwards, refrigerant will be compressed using compressor, condensed,
and deliver to the evaporation stage for evaporation. Once the fluid becomes liquefied, it will be
pumped into the combustion chamber inlet at 30 MPa pressure using cryogenic pump. From
investigation it is discovered that there are several cryogenic pumps available in the market for
both methane and oxygen that satisfy the inlet conditions as well as discharge fluid as high as 80
MPa [17], [18], [19]. Nevertheless, these pumps do not have as high mass flow rates as the
project requires. This issue can be solved by running several pumps in parallel.
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3.4

Supercritical Combustor
A supercritical combustor is designed to withstand and operate at 300 bar pressure.

Current rocket technologies are designed to operate at high pressure which is a suitable baseline
design for the directly heated supercritical combustor. This conceptual layout combustor is
consisted of two major parts: (i) Combustion Chamber, (ii) Powerhead.
3.4.1 Combustion Chamber
Figure 7(a) shows the LOX/Methane, rocket engine derived, O2-CO2/Natural Gas
supercritical combustor. Each engine is a complete combustion module and connected to a
transition piece to form the entire supercritical combustor unit. The schematic in Figure 7(a)
shows a four-module configuration, however, three- and five module configurations can be
utilized as design requires.
This particular combustor design has two primary advantages: (1) direct implementations
of LOX/Methane engine technologies and (ii) modularity and compatibility with current power
turbine layouts. Each combustion module includes a power-head, a combustor-body, and a
transition piece to mesh with the combustor annulus (Fig. 7 (b)). The power-head consists of
Combustion Module

Transition Piece

Combustor Annulus

(a)

(b)

Figure 7 a) 9kN LOX/Methane Rocket engine derived O2/CO2/Natural Gas combustor, b) Cut
Away of system showing powerhead, combustors, and transition sections
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injector elements, valves, and a torch igniter assembly (Fig. 8 (a)).
The proposed combustor is designed to use two types of LOX/Methane injectors: (i)
Pintle hole and (ii) modified shear-coaxial (Choudhuri et al., 2013a). The transition piece is
designed to translate the flow from each combustor module to the primary annulus flow.
Nevertheless, the design shown in Fig. 7 is preliminary in nature, and has not been scaled or
optimized.
3.4.2 Powerhead Design
Figure 8 (a,b,c) shows the powerheads and modified injectors where accommodations
are made to introduce CO2 into the combustor. Two types of LOX/Methane injectors are
considered for developing powerhead for supercritical combustor: (i) Pintle hole and (ii)
modified shear-coaxial (Choudhuri et al., 2013a).
Figure 8.a shows the powerhead image that is designed to fit pintle injector. Pintle
injector (Fig 8.b) has legacy of reliability. This type of injector was used in lunar modular in
Apollo program. Currently these types of injectors are used in Space X Merlin engine. The pintle
injector gives the opportunity of throttling capability without compromising the combustion
efficiency.
Another type of injector is considered for designing the powerhead for supercritical
PintleInjector

NG

Torch igniter

CO2

O2

(b)
O2

(a
)

NG

CO2

(c
)

Figure 8 a) Powerhead showing injector, valves,16
and igniter Systems b) modified pintle injector
c) modified shear coaxial injector

combustor is modified shear coaxial injector (Fig 8.c). This type of injector uses shear force
driven from fuel and oxidizer flow to perform the mixing. Currently, there are several research
projects going on to investigate it operability of the modified shear coaxial injector at
supercritical condition.
Another component which is critical to the proposed combustor development is the torch
igniter assembly. Two types of igniters are considered which are derived from LOX/Methane
igniter technologies: (i) a coaxial swirl based igniter and (ii) LOX/Methane reaction control
system (RCS) derived igniters (Fig. 8) [20],[21]. No major modifications are needed for their
integration in the proposed combustor. Nonetheless, a limited number of validations tests are
needs to be tested at their extended operability in proposed supercritical combustor conditions.
3.5 Turboexpander
In a directly heated supercritical power generation systems the turbine section is stated as
turboexpander. The combustion chamber is followed by a turboexpander. This device is
connected with the generator that produces electricity. In this proposed gas turbine, working
fluid enters the turboexpander at 30 MPa pressure and exits at 0.1 MPa pressure. This ratio is
almost 10 times higher than conventional turbine. Furthermore, the turboexpander inlet
temperature is around 1400 K. Currently, there is no turboexpander available in the market that
can operate at that high pressure and temperature condition as the project requires. Numerous
research projects are currently undergoing to develop an efficient turboexpander that can be used
for directly heated supercritical power generation system [22][23].
3.6

Carbon Dioxide Capture Unit
The CO2 capture unit is designed based on DoE CO2 capture unit outline [9]. In this

process the combustion products are transported through several heat exchangers and cooling
vessels. These steps separate carbon dioxide from water vapor. The majority of the carbon
dioxide which is captured from this process will be recirculated into the combustion chamber.
The rest of the carbon dioxide is transported for the CO2 capture and sequestration process. From
literature it is found that, the outlet parameters of the CO2 capture unit depends on the
compression process employed at the unit exit [24]. For this particular study, the outlet
17

parameters at the CO2 capture unit is considered 11 MPa pressure and 303 K temperature, which
is obtained from Hong et al [5].
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Chapter 4: Thermodynamic Analysis
4.1

General Overview
A thermodynamic cycle analysis of the directly heated supercritical gas turbine is

conducted based on the conceptual layout described on chapter 3. The primary objective for this
task is to analyze the compression, combustion and turboexpander stages for a ≈300 MW
supercritical gas turbine. It is well known from the study that the conventional gas turbines
follow the Brayton cycle for power generation [25]. For this particular study, the Brayton cycle’s
steps are applied to perform the thermodynamic cycle analysis of the directly heated SGT.
Necessary studies are performed to determine the required specifications for the gas turbine
components. The fluid parameters at the turbomachinery inlets are explained at the section 3.2.
The performance parameters of the turbomachinery such as efficiency are designated based on
literature review. Afterwards, the thermodynamic cycle analysis is performed using ASPEN
HYSYS® software package. Finally, the P-v and T-s diagrams are developed for both gaseous
and liquid feed system based on ASPEN HYSYS® analysis.
The study reveals that more work can be obtained from the liquid feed system driven gas
turbine than the gaseous feed system. Finally, a thermodynamic analysis is performed for the
liquid feed system incorporating CO2 recirculation into the combustion chamber. While
conducting the analysis incorporating carbon dioxide recirculation, both gaseous CO2 and liquid
CO2 recirculation has been studied for the performance comparison purposes.
4.2

Brayton Cycle Analysis
The Brayton cycle was first proposed by George Brayton for usage in the reciprocating

oil-burning engine in 1870 [7]. Nowadays, conventional gas turbines and air breathing jet
engines follow the Brayton cycle for power production. The ideal Brayton cycle generally
integrates a gaseous feed system and it consists of four major stages: (i) isentropic compression
(ii) constant pressure heat addition (iii) isentropic expansion and (iv) constant pressure heat
rejection. The ideal Brayton cycle formulations are compiled based on the ideal gas assumptions.
Nonetheless, the actual cycle shows deviation from the ideal cycle. Since the fuel, oxidizer, and
combustion products for this particular investigation behave as real gases the conventional
isentropic assumption cannot be employed for the analysis purposes [11]. Therefore, polytropic
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process formulations have been utilized for the thermodynamic cycle study. ASPEN HYSYS®
software has embedded algorithm that can perform the polytropic analysis for a given adiabatic
efficiency. The detailed formulation for the polytropic compression and expansion processes are
described at section 4.3.2. On the other hand, several modifications are employed at the
compression stage for the liquid feed system. In the liquid feed system, the fluids are first cooled
down at constant pressure and then compressed. Additionally, in both circumstances constant
pressure combustion process is assumed for the cycle investigation.
4.3

Assumptions and Formulations

4.3.1 Assumptions
The overreaching goal of this analysis is to investigate a ≈300 MW directly heated
supercritical power generation system. The mass flow rate of the fuel and oxidizer for this
operation are estimated based on ASPEN HYSYS® analysis. It is mentioned earlier that two
types of feed systems are taken into account for developing this project. In the gaseous feed
system the fluids are compressed using multistage compressors. Since the inlet line pressure for
methane is 3 MPa, current technologies permit methane to compress at 30 MPa using multistage
compressor. On the other hand, due to the low inlet pressure (250 KPa) for the oxygen line, it is
quite unlikely to compress oxygen gas at 30 MPa using existing technologies. For the purpose of
this analysis it is assumed that the oxygen can be compressed using multistage compressor. This
study reveals that, the efficiency of the existing multistage compressor falls between ≈75-90%
[26]. The adiabatic efficiency of the methane and oxygen compressor is assumed 75 % based on
the lower end value of existing technology.
In the liquid feed system fuel and oxidizer will be pumped using a cryogenic pump.
There are several cryogenic pumps available in the market that satisfies the inlet and outlet
conditions of the fluids. However, the mass flowrate required for this power generation system is
higher than the available cryopump mass flowrate limit. This issue can be resolved by using
several cryogenic pumps in parallel. Investigation illustrates that, the efficiency of cryogenic
pump stays between 70-90% based on the [26]. For the analysis purposes, the efficiency of the
pump is chosen 85% for both methane and oxygen; those are obtained from [26].
The combustion chamber is followed by the turboexpander. From study it is found that,
the existing turboexpanders do not meet the requirements for this project. The maximum inlet
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pressure for existing turboexpanders is about 20 MPa whereas this project requires 30 MPa at the
turboexpander inlet. However, for the analysis purposes it is assumed that there is a
turboexpander exists that satisfies project requirements. The study reveals that, depending on the
operating point the efficiency of a turboexpander varies from 80 to 90% [28],[29]. For this
particular analysis, the adiabatic efficiency for the turboexpander is assumed to be 85 % based on
the most common efficiency of existing technology [28].
Finally, for the simplicity of the analysis, any pressure losses between the stages are
disregarded.
4.3.2 Formulations
The purpose for this particular section is to develop the mathematical formulations that
are being utilized for the thermodynamic analysis. The formulas are derived for the real gases
based on the polytropic process. Additionally, it is assumed that the processes are steady state
and the specific heats are constant during any process. It is known from the thermodynamic
relationship that [7]:

cp = Constant Pressure Specific Heat
cv = Constant Volume Specific Heat
(1)
R = Gas Constant

cp- cv = R

Now, dividing both sides by constant volume specific heat, cv
𝑐𝑝
𝑐𝑣

𝑅

-1=𝑐

(2)

𝑣

The ratio between constant pressure specific heat and constant volume specific heat is known as
γ. Thus equation (2) yields:
𝑅

γ -1= 𝑐

(3)

cvdT= -Pdv

(4)

𝑣

For an adiabatic process,

From the ideal gas relationship it is known as:
Pv = RT
For a real gas, equation (5) can be written as
Pv = zRT
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P= Pressure
v = Specific Volume
R = Gas Constant
T = Temperature

(5)

(6)

where ‘z’ is called the compressibility factor. The compressibility factor ‘z’ is used to adjust the
ideal gas law for the real gas behavior, which varies for different gases. The compressibility
factor values are generally obtained from the equation of state. For this particular study, Lee
Keesler Polcker equation of state is adopted to calculate the thermodynamic properties. Idaho
National Laboratory has been used the similar EOS for the study of indirectly heated SCO2 gas
turbines.
Equation (4) can be re-written as:
cv dT =

−zRT
𝑣

dv

(7)

Integration of equation (7) and rearranging the equation yields,
𝑇𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
𝑇uncompressed

𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑

= (𝑃

uncompressed

)

(

𝑧(𝛾−1)
)
1+𝑧(𝛾−1)

(8)

Now, incorporating polytropic efficiency with the equation (8)
𝑇𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
𝑇uncompressed

𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑

= (𝑃

uncompressed

)

(

𝜂𝑝𝑜𝑙𝑦 𝑧(𝛾−1)
)
1+𝑧(𝛾−1)

(9)

A similar kind of mathematical derivation can be found in the Idaho National Laboratory
Final Report titled “Development of A Supercritical Carbon Dioxide Brayton Cycle: Improving
VHTR Efficiency And Testing Material Compatibility”, which was published on March 2006.
Finally, the work required for this compression process can be obtained by the difference
between the enthalpy of the compressed fluid and the inlet uncompressed fluid, equation 10.
Additionally, enthalpy is a function of constant pressure specific heat and temperature, equation
11.
W = h compressed – h uncompressed
= 𝐶𝑝 (T compressed – T uncompressed)

(10)
(11)

To evaluate the specific heat, the Shomate equations can be implemented [20]. The
Shomate equation is an approximation of specific heat as a function of temperature, seen in
equation (12) [8]. The coefficients seen in equation (12) vary at different temperature ranges and
between materials; which were extracted from [4].
𝐶𝑝 = 𝐴 + 𝑏𝑡 + 𝐶𝑡 2 + 𝐷𝑡 3 + 𝐸/𝑡 2
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(12)

Where in equation (12) t is the temperature of interest, in Kelvin, divided by a thousand, and
specific heat is in units of Joules per mole kelvin (J/mol•K)).
Additionally, the heat addition during the combustion process can be calculated from the
difference between the enthalpy of the combustion reactants and the combustion products,
equation 13.
W = h combustion reactants – h combustion products
= 𝐶𝑝 (T combustion reactants – T combustion products)

(13)
(14)

The expansion process of the combustion products can also derived following the similar
steps as the polytropic compression. The relationship between temperature and pressure for a
polytropic expansion at constant specific heat ratio is stated by equation (15).
𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑇𝑡𝑢𝑟𝑏𝑜𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑟 𝑒𝑥ℎ𝑎𝑢𝑠𝑡

= (𝑃

𝑃𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑡𝑢𝑟𝑏𝑜𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑟 𝑒𝑥ℎ𝑎𝑢𝑠𝑡

(

)

𝜂𝑝𝑜𝑙𝑦 𝑧(𝛾−1)
)
1+𝑧(𝛾−1)

(15)

In addition, the work obtained from this expansion process can be calculated by the
difference between the enthalpy of the turboexpander exhaust and the combustion product,
equation 16.
W = h combustion product – h turboexpander exhaust

(16)

= 𝐶𝑝 (T combustion product – T turboexpander exhaust)

(17)

In the liquid feed system the compression stage is replaced by the constant pressure
cooling and polytropic compression process. Work done by these processes can be obtained by
the difference between the enthalpy of the inlet fluid and the outlet

fluid of these processes.

Nevertheless, constant pressure heat addition process and polytropic expansion process follows
the same principle as the gaseous feed system.
Furthermore, the entropy has been calculated numerically to develop the T-s diagram for
the processes. According to the Principle of Clausius, the change in entropy in a system can be
found as the change in the heat exchange in a reversible process over the temperature [19]. The
change in heat can be estimated using specific heat; which is a function of temperature, as seen
in equation (18). [7]
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𝑑𝑆 =

𝛿𝑄𝑟𝑒𝑣

(18)

𝑇
𝑇2 𝐶𝑝(𝑇)

𝑆(𝑇2 ) − 𝑆(𝑇1 ) = ∫𝑇1

𝑇

𝑑𝑇

(19)

Where in the formulas above temperature (T) is in kelvin, molar entropy (S) and specific
heat (Cp) is in units of Joules per mole Kelvin (J/mol•K).
For this study, the products of the reaction and their respective molar fraction and
molecular weight were used to calculate the mixtures’ entropy, as shown in equation (20).Where
mass entropy (s) of the mixture is the sum of the product of the molar mass (𝑀), molar fraction
(𝑥) and the change in molar entropy between two temperatures for all of the species present in
the product, which leave the mass entropy in units of kJ/kg•K.
1

𝑇 𝐶𝑝𝑖 (𝑇)
𝑑𝑇
𝑇
1

𝑠𝑚𝑖𝑥 (𝑇) = 𝑆𝑖 (𝑇1 ) + 1000 ∑𝑖 𝑀𝑖 𝑥𝑖 ∫𝑇

(20)

Finally the net plant efficiency of the power production systems is calculated based on
gross power output and total required power.
Net Plant Efficiency = ((1 −

𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑃𝑜𝑤𝑒𝑟
𝐺𝑟𝑜𝑠𝑠 𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡

) x 100) ) %

(21)

The thermal efficiency of the systems is also calculated based on the lower heating value using
the following formula:
𝐺𝑟𝑜𝑠𝑠 𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡

Thermal Efficiency = (𝑇𝑜𝑡𝑎𝑙 𝐻𝑒𝑎𝑡 𝐼𝑛𝑝𝑢𝑡 (𝐿𝐻𝑉) x 100 ) %
4.5

(22)

ASPEN HYSYS® Analysis

4.5.1 Case Setup in ASPEN HYSYS®
The cycle analysis for the directly heated supercritical gas turbine is performed using the
ASPEN HYSYS® software package. A similar kind of software was used by the Idaho National
Laboratory for analyzing indirectly heated SCO2 gas turbines [11]. This software package has
some advantages regarding the thermodynamic cycle analysis. For instance, although the cycle
analysis for this particular study is conducted assuming isentropic compression and expansion
process, the software provides the option for performing the analysis using polytropic
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compression and expansion. These tools can be useful for more precise future analysis. The
ASPEN HYSYS® has wide range of chemical database that can be used for the cycle study.
Additionally, it gives the opportunity to use the Carbon dioxide at the power conversion side
[11].
The software requires defining the materials involved during the process and there
properties before running the thermodynamic cycle simulation. The software has wide range of
component lists and fluid packages those are useful for thermodynamic cycle analysis. For this
particular analysis methane (CH4) and pure oxygen (O2) are used as fuel and oxidizer
respectively. The major combustion products considered for this process are carbon dioxide
(CO2), water vapor (H2O), carbon monoxide (CO), and hydrogen (H2). All of these elements can
be found in ASPEN HYSYS® component database. It is important to remember that the
determination of the proper equation of states is important for precise thermodynamic analysis.
From literature it is found that Lee Kesler Plocker demonstrates the most precise thermodynamic
properties for supercritical fluid among all the equation of states [11]. The software has
embedded algorithm for Lee Kesler Plocker equation of states that can be used for the cycle
investigation. The software has its own solver for calculating combustion products. It also
possess the flexibility of defining different combustion reactions and reaction rate as it is
necessary. Nevertheless, for this particular analysis ASPEN HYSYS® solver is used for
computing combustion products. Once the materials list and fluid properties are inserted, the
next task is to simulate the power generation process in the ASPEN HYSYS® simulation module.
It gives the option of stating both material stream and energy stream as it is necessary.
Furthermore, there is a broad range of components are available that can be useful for designing
the simulation process, figure 9 (a). It also provides the opportunity of choosing the appropriate
combustion reactor among three available methods: (i) Gibbs reactor, (ii) equilibrium reactor,
and (iii) conversion reactor, figure 9 (b). For this particular study, the Gibbs reactor has been
chosen for the combustion process that uses Gibbs free energy and maximum entropy generation
methods to calculate the combustion products. While designing the simulation process, for the
directly heated SGT incorporating gaseous feed system, the ‘compressor’ tool is used to simulate
the multistage compressor, ‘Gibbs reactor’ is used for the combustion chamber, and ‘turbine’ is
used to simulate the turboexpander. On the other hand, for the liquid feed system, the ‘cooler’ is
used for chilling the fluids, and then the ‘pump’ is used for simulating the cryogenic pump.
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The combustion chamber and the turboexpander part are same for both processes. Moreover, the
material stream and energy stream are used for defining the materials and energy respectively.
The software allows to run the ‘compressor’, and ’turbine’ simulation at different operation
points and efficiency. These two components require stating the inlet material stream, outlet

Figure 9 ASPEN HYSYS Interface
material stream and the energy stream. The ‘compressor’ inlet material stream requires a
definition of the material composition, temperature, pressure and mass or molar flowrates. In
contrary, the ‘turbine’ inlet material stream is connected with the ‘gibbs reactor’ and it collects
the required data from the ‘gibbs reactor’ outlet. The energy required and extracted from the
process can be known from the energy stream. Furthermore, the combustion products
composition can be found from the ‘gibbs reactor’ outlet material stream. ASPEN HYSYS®
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software also gives the option to incorporate any kind of pressure or temperature losses during
any processes. Detailed case setup for a liquid feed system driven ≈ 300 MW directly heated
supercritical SGT is shown in the appendix.
4.5.2 ASPEN HYSYS® Simulation
Four different cases are simulated for a ≈300 MW directly heated supercritical power
generation system using ASPEN HYSYS® thermodynamic cycle simulator: (i) Gaseous Feed
System driven gas turbine, (ii) Liquid Feed System driven gas turbine , (iii) Liquid Feed System
driven gas turbine Incorporating Liquid CO2 Recirculation, and (iv) ) Liquid Feed System
driven gas turbine Incorporating Gaseous CO2 Recirculation. Among these four cases the first
two cases are conducted to compare the different feed system. Afterwards, the simulation has
been conducted integrating carbon dioxide recirculation into the combustion chamber.
The simulation of a 300 MW directly heated SGT integrating gaseous feed system is
shown in figure 10. The mass flowrate for the methane and oxygen are determined 80,000 kg/h
and 320,000 kg/h respectively. The inlet pressure and temperature for methane and oxygen lines
are 3000 KPa and 250 KPa, and 313 K and 288 K respectively [2][14]. Both methane and
oxygen are compressed up to 30 MPa using multistage compressor. After the compression
process the temperature of the methane and oxygen reaches up to 563 K and 1241 K. Afterwards
the compressed fluids are delivers into the combustor for the combustion process. For this
particular system, the combustion process occurs at the constant pressure. The temperature
developed inside the combustion chamber is 3409 K. At this temperature and pressure the
combustion products reaches to the supercritical phase. The combustion products percentages are
given in the appendix. After the combustion process, combustion products enter into the
turboexpander. At this point, the supercritical working fluid expands inside the turboexpander
and produce energy. The outlet temperature and pressure at the turboexpander are recorded 2650
K and 100 KPa from the cycle simulation. The gross power produced from this system is 535
MW.
Subsequently, the simulation is conducted for a liquid feed system driven supercritical
gas turbine. The detailed case is shown in figure 11. The mass flowrate and inlet parameters for
this system are as same as the previous case. For this case, the fuel and oxidizer are condensed
and then pumped into the combustor. After the condensation process the methane and oxygen
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temperature is lowered to 98 K and 80 K. At this point both methane and oxygen reach their
liquid states. Then, the liquid fuel and oxidizer are pumped into the combustion chamber at 30
MPa using cryogenic pump. The compression process will slightly increase the fluid
temperature. After the compression process the methane and oxygen temperature reaches up to
108 K and 89 K respectively. The combustion occurs at 30 MPa pressure and the temperature
reaches up to 3273 K during the combustion process. Finally, the combustion products expand
inside the turboexpander. The outlet temperature and pressure at the turboexpander are recorded
2419 K and 100 KPa from the cycle simulation. The gross power produced from this system is
495 MW.
Afterwards, the analysis has been performed for liquid Feed System driven supercritical
gas turbine Incorporating Liquid CO2 Recirculation. For this case and the next case, the
combustion exhaust mass flowrate and the gross power production are kept constant for the
comparison purposes. The compressions of the fluids for this process are as same as the liquid
feed system driven gas turbine. The mass flowrate for the methane and oxygen are set 80,000
kg/h and 320,000 kg/h respectively. A sufficient amount of liquid carbon dioxide can be
recirculated to keep the temperature in the material operation limiting range. The mass flowrate
of the liquid carbon dioxide is determined to be 1,800,000 kg/hr, which will be provided by the
carbon capture unit. The parameters of the carbon dioxide at the carbon capture unit outlet are 11
MPa and 303 K. At this pressure and temperature the CO2 stays at gaseous phase. Then the CO2
is condensed and pumped at 30 MPa using a cryogenic pump. These yields the combustion
exhaust mass flowrate is 2,200,000 kg/hr. The combustion temperature for this process develops
up to 1417 K. Due to the high concentration of carbon dioxide and comparatively low
combustion temperature, the combustion products are only consisted of carbon dioxide and water
vapor. The gross power production from this process is ≈590 MW.
At the end, the simulation is conducted recirculating gaseous carbon dioxide into the
combustion chamber for a liquid feed system driven gas turbines. The methane and oxygen mass
flowrates determined 60,000 kg/hr and 240,000 kg/hr to keep the exhaust mass flowrate constant
as the previous case. The fluids compression methods for this process are as same as the liquid
feed system driven gas turbine. At this process, the carbon dioxide which is obtained from the
CO2 capture unit is compressed using a gaseous compressor up to 30 MPa. The CO2 mass
flowrate is set 1,900,000 kg/ hr; which yields the total exhaust mass flowrate is 2,200,000 kg/hr.
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The combustion temperature for this process reaches up to ≈1456 K. The gross power production
from this process is ≈590 MW.
Detailed properties value of the material streams for all the cases are provided in the
appendix.

Figure 10 Gaseous Feed System Driven Supercritical SGT
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Figure 11 Liquid Feed System Driven Supercritical SGT
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Figure 12 Liquid Feed System Driven Supercritical SGT (Liquid Carbon Dioxide Recirculation)
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Figure 13 Liquid Feed System Driven Supercritical SGT (Gaseous Carbon Dioxide Recirculation)
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4.6

Cycle Analysis

4.6.1 Comparison between Gaseous Feed System and Liquid Feed System
The key objective for this analysis is to determine a feasible feed system for the
supercritical gas turbine. Therefore, it is essential to acquire primary understanding about the
thermodynamic characteristics of the cycle. In order to fully understand the implications of the
thermodynamic behavior of a power cycle at supercritical conditions, an initial analysis has been
completed. For this particular study, the T-s diagrams are generated to understand the heat
transportation behavior of the systems. Afterwards, the P-v diagrams are generated to determine
the net work output for the both cycles.
When analyzing the change of entropy (s) with temperature (T), the area under the curve
depicts the amount of heat is introduced to the gas during the combustion process. During the
combustion process, it is desirable for entropy to increase at a high rate. The ideal situation
would be to generate the greatest amount of heat during a combustion reaction. However, due to
current material limitations and the implications that disassociation generate at high temperatures
a lower temperature limitation is utilized with the CO2 recirculation cycles. The T–s diagrams
are generated for both liquid and gaseous feed systems without incorporating any carbon dioxide
recirculation. The ASPEN HYSYS® software does not provide the entropy distributions
throughout the combustion process. It only provides the entropy at the inlet and outlet of the
combustion chamber. Hence, the entropy during the combustion process is calculated
numerically using the formulations stated at section 4.3. Figure 14 and figure 15 exhibits the T–s
diagrams for the liquid and gaseous feed systems without incorporating any carbon dioxide
recirculation respectively. The difference of the entropy value at combustor outlet from the
ASPEN HYSYS® analysis and the numerical calculation falls between 8 to 15%. The
combustion chamber inlet temperature depends on the type of feed system. From the HYSYS ®
simulation it can be seen that the combustion chamber inlet temperature for the liquid feed
system is around 373 K which is developed inside the injector; in contrary, the combustion
chamber inlet temperature for the gaseous feed system is around 1250 K which is developed due
to the mixing of compressed fuel and oxidizer. From the plots it can be seen that the higher the
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Numerical
Analysis

ASPEN HYSYS

Figure 14 T-s Diagram of a Gaseous Feed System Driven Directly Heated Oxy-Fuel SGT

ASPEN HYSYS

Numerical
Analysis

Figure 15 T-s Diagram of a Liquid Feed System Driven Directly Heated Oxy-Fuel SGT
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temperature is the higher the entropy is. The plots displays the ASPEN HYSYS® analysis
indicates that the gaseous feed system has higher initial combustion entropy than the liquid feed
system. The combustion temperature and the combustion product compositions are collected
from the ASPEN HYSYS® case study. The ASPEN HYSYS® analysis specifies that the
turboexpander inlet entropy for the gaseous feed system is slightly higher than the liquid feed
system driven gas turbine. This is due to the fact that, the combustion product composition and
combustion temperature varies for the both cases. From figure 14 and 15 it can be concluded
that, the gaseous feed system driven gas turbine generates more entropy than the liquid feed.
Nonetheless, the work production during a cycle cannot be fully understood by the T-s
diagram. Therefore, the P-v diagrams are generated for the both cycle to determine the power
generation during the process. The P-v diagrams of the gaseous and liquid feed system without
incorporating carbon dioxide are generated based on ASPEN HYSYS® analysis. Figure 15 and
Figure 16 exhibit the gaseous feed system and liquid feed system’s P-v diagram respectively.
From figure 4 it can be seen that, process 1→ 2 and process 3→ 4 demonstrate the polytropic
methane and oxygen compression respectively. In contrary, in figure 16, process 1→ 2 and
process 3→ 4 demonstrate the constant pressure condensation process of methane and oxygen
respectively. From the same figure it can also be seen that methane compression occurs at stage
2→ 5 and oxygen compression occurs at stage 4→ 6. The specific volume of the compressed
fluid can also be seen from the figures. For the gaseous feed system, the specific volumes of the
compressed methane and oxygen stay around 0.01

𝑚3
𝑘𝑔

. On the other hand, for the liquid feed

system, the specific volume of the compressed methane is around 0.0008

𝑚3
𝑘𝑔

and compressed

𝑚3

oxygen is around 0.002 𝑘𝑔 . The combustion processes for the gaseous and liquid feed systems are
shown by 5→ 6 and 7→ 8 respectively. The combustion temperature for the both processes
reaches as high as 3300 K. It can be seen from the figures that the specific volume of the
combustion products is almost same for the both cases. The expansion processes for the gaseous
feed system and liquid feed system are exhibited by the stage 6→ 7 and 8→ 9.
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Figure 16 P-v Diagram of a Gaseous Feed System Driven Directly Heated Oxy-Fuel SGT

Figure 17 P-v Diagram of a Liquid Feed System Driven Directly Heated Oxy-Fuel SGT
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The expansion process for the both cases display similar trend; as similar turboexpander
parameters have been used for the both cases.
It is known from thermodynamic fundamentals that the work done by a cycle can be
approximated by the area under the curve of the P-v diagram of that particular system. From
figure 15 and figure 16, it can be seen that the liquid feed system poses larger area under the P-v
curves than the gaseous feed system. Therefore it can be summarized that more energy can be
extracted from the liquid feed system than gaseous feed system.
4.6.2 Liquid Feed System Analysis with CO2 Recirculation
The previous analysis determined that the liquid feed system is the most feasible method
for developing the supercritical power generation system. Nevertheless, existing material
constraints limits the maximum temperature that can be produced during a combustion process.
Study shows that the maximum temperature that can be produced during the supercritical
combustion is around 1400-1500 K [3] [13]. A significant amount of carbon dioxide is circulated
to keep the temperature at the limiting range. The investigation is performed recirculating both
gaseous and liquid carbon dioxide into the combustion chamber. The gaseous carbon dioxide
recirculation case and liquid carbon dioxide recirculation case are shown in figure 18 and 19.
The goal for these both cases is to minimize the combustion temperature to ≈1400 K. The inlet
temperatures of the CO2 recirculation for liquid phase and gaseous phase are 213 K and 408 k
respectively. For this particular analysis, the exhaust mass flowrate and gross power production
are kept constant; thus, methane, oxygen and carbon dioxide recirculation mass flowrates are
modified accordingly. The mass flowrate distributions for the both cases are shown in table 1(a).
The analysis also revealed that the gross power production mostly depends on the amount of
working fluid. For the both cases, the gross power production is almost 590 MW. The detailed
power distribution and efficiency calculation is shown in table 1 (b) and 1 (c). The current study
does not focus on the air separation unit (ASU) and carbon dioxide capture unit particularly.
However, to perform the gas turbine performance analysis, it is important to know the power
requirement for ASU and CO2 capture unit. From the literature it is found that the air separation
unit generally requires 15-20% and the CO2 capture unit requires 9-10% of the gross power
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.

Figure 18 P-v Diagram of a Liquid Feed System Driven Directly Heated Oxy-Fuel SGT (Liquid
CO2 Recirculation)

Figure 19 P-v Diagram of a Liquid Feed System Driven Directly Heated Oxy-Fuel SGT
(Gaseous CO2 Recirculation)
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production [5][30]. For this particular study, the analysis is conducted assuming that the required
power for the air separation unit is 20% of the gross power produced by the liquid feed system
without incorporating any carbon dioxide recirculation. Moreover, the power consumed by the
CO2 capture unit in estimated by 10% of the gross power production. The net plant efficiency for
both processes is calculated based on the power gross power production and the total power
consumptions. The analysis shows that the net plant efficiency while recirculating gaseous
carbon dioxide is 56.7 %; in contrary, the net plant efficiency while recirculating liquid carbon
dioxide is 44.5 %. This is due to the fact that the condensation and pumping process of the
carbon dioxide requires significantly more energy than the gaseous carbon dioxide compression
process. Moreover, less fuel and oxidizer are required for the gaseous carbon dioxide
recirculation case than the liquid carbon dioxide recirculation case. Consequently, the fuel and
oxidizer compression process for the gaseous carbon dioxide recirculation case consumes less
power than the other situation. For the given total exhaust mass flowrates and gross power
output, the net power production for the liquid carbon dioxide recirculation case and the gaseous
carbon dioxide recirculation case are 263 MW and 335 MW respectively. Therefore, it can be
concluded that more energy can be generated during gaseous carbon dioxide recirculation than
the liquid carbon dioxide recirculation. Thus, the system must be designed such a way that, the
gaseous carbon dioxide can be introduced into the combustion chamber while the fuel and
oxidizer are in liquid phase.
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Table 1 Performance Analysis
(a)
Liquid CO2
Gaseous CO2
Recirculation Recirculation
Methane Mass Flowrate (𝒌𝒈/𝒉𝒓)

80,000

60,000

Oxygen Mass Flowrate (𝒌𝒈/𝒉𝒓)

320,000

240,000

Carbon Dioxide Mass Flowrate
(𝒌𝒈/𝒉𝒓)

1,800,000

1,900,000

Total Mass Flowrate (𝒌𝒈/𝒉𝒓)

2,200,000

2,200,000

Gross Power Production (MW)

≈590

≈590

Power Consumptions

Liquid CO2
Recirculation

Gaseous CO2
Recirculation

Air Separation Unit (MW)
Methane Pump (MW)

≈100

≈80

≈1.7

≈1.2

Oxygen Pump (MW)
Carbon Dioxide Pump (MW)
Methane Condenser (MW)

≈2.7
≈9.2

≈2
0

≈21

≈16

Oxygen Condenser (MW)
Carbon Dioxide Condenser (MW)

≈36
≈98
0

≈27
0

≈59

≈59

≈327.6

≈255.2

(b)

Carbon Dioxide Compressor
(MW)
Carbon Dioxide Capture Unit
(MW)
Total Power Consumption

≈70

(c)
Liquid CO2
Gaseous CO2
Recirculation Recirculation
Gross Power production (MW)

≈590

≈590

Net Power Production (MW)

≈263

≈335

Net Plant Efficiency

≈44.5

≈56. 7
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Chapter 5: Summary and future work
5.1

Summary
The conceptual design of a Directly Heated Oxy-Fuel Supercritical Power

Generation System plant has been developed. The technology readiness level analysis reveals
that the liquid feed system can be employed for manufacturing the supercritical gas turbines. One
of the major challenges for this project was to design the supercritical combustor since it
operates at 30 MPa pressure. This pressure is almost 10 times higher than the existing
combustion chamber pressure. From the investigation it is found that, existing rocket
technologies have legacy of operating at high pressure. The study proposed a supercritical
combustor design based on existing rocket technologies. The combustor consists of two main
components: (i) combustion chamber, and (ii) powerhead assembly. Bell shape geometry has
been chosen for designing the combustion chamber instead of conventional cylindrical shape to
ensure the better mixing of the combustion products. The powerhead assembly consists of two
major parts: (i) injector, and (ii) ignitor. In this study, two types of injector are discussed: (i)
Pintle Injector and (ii) Modified Shear Co-axial Injector. Both of these injectors can be used for
supercritical powerhead design purposes. Finally, two types of igniters are considered, both
derived from LOX/Methane igniter technologies: (i) a coaxial swirl based igniter and (ii)
LOX/Methane reaction control system (RCS) derived igniters. No major modifications are
needed for their integration in the proposed combustor. Nonetheless, a limited number of
validations tests are needs to be tested at their extended operability in proposed supercritical
combustor conditions.
A thermodynamic cycle analysis of the directly heated supercritical gas turbine is
conducted based on the proposed conceptual design. The principal purpose for this task is to
analyze the compression, combustion and turboexpander stages for a 300 MW supercritical gas
turbine. The initial analysis is conducted using ASPEN HYSYS to choose a feasible feed system
for the gas turbine. The P-v diagrams are also generated based on the ASPEN HYSYS
simulation. The analysis shows that for the similar fuel and oxidizer mass flowrate the gross
41

power output for the gaseous feed system driven gas turbine and liquid feed system gas turbines
are … MW and … MW respectively. The feasibility of the systems can be anticipated by the
required power of the methane and oxygen compression process. The simulation exhibits that for
the gaseous feed system driven gas turbine, the total required power for the fuel and oxidizer
compression process is … MW; which yields the net power output from this gas turbine is …
MW. In contrary, for the liquid system the total required power for the methane and oxygen
liquefaction and pumping process is …. MW; which yields the net power output from the liquid
feed system driven gas turbine is … MW. However, the gaseous feed system driven gas turbine
produces more heat than liquid feed system. The heat generation quantity can be visualized from
the T-s diagram. The area under the curve of a T-s diagram depicts the amount of heat is
introduced to the gas during the combustion process. The T-s diagram for the both processes is
shown in figure 14 and 15. From the figures it can be seen that, the T-s diagram of the gaseous
feed system driven gas turbine introduces more entropy during the cycle operation than the liquid
feed system. Nonetheless, the supremacy of the liquid feed system driven gas turbine can be
visualized from the P-v diagram. According to the thermodynamic principle, work done by a
thermodynamic cycle can be estimated by the area under the curve of a P-v diagram. Figure 16
and 16, shows the P-v diagram of the gaseous feed system and liquid feed system driven gas
turbine respectively. From the figures it can be visualized that the area under the curve of the
liquid feed system driven gas turbine is larger than the gaseous feeds system. Therefore, it can be
concluded that the liquid feed system is the feasible technique for the supercritical combustor.
Finally the simulation is conducted incorporating the carbon dioxide into the combustion
chamber for the liquid feed system driven gas turbine to keep the combustion temperature within
the material operation limit range. While running this case, both liquid and gaseous carbon
dioxide is recirculated into the combustion chamber and compared. For comparison purposes, the
exhaust mass flowrate and gross power output for the both circumstances are kept similar. The
key differencing issues are the power required for the methane, oxygen and carbon dioxide
compression process. The analysis shows that for the liquid carbon dioxide liquefaction and
pumping process the required power is 61 MW; whereas for the gaseous carbon dioxide the
required power for the compression process is 102 MW. Afterwards, the total power
requirements for running the gas turbines are calculated. The estimation shows that, the total
power requirement for operating the liquid feed system driven gas turbine incorporating the
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liquid carbon oxide recirculation is 327 MW and gaseous carbon dioxide recirculation is 255
MW. The gross power out for the both cases is ≈590 MW; which yields the net plant efficiency
while recirculation liquid carbon dioxide is 44.5 %, and gaseous carbon dioxide is 56.7 %.
Thermal efficiency for the both cases is also calculated. The system requires less fuel to produce
same amount of energy while recirculating gaseous carbon dioxide than the liquid carbon
dioxide. The investigation reveals that, the thermal efficiency of the system when recirculating
gaseous carbon dioxide and liquid carbon dioxide are 53.1 % and 60 % respectively. Therefore,
it can be concluded that, more energy can be generated during gaseous carbon dioxide
recirculation than the liquid carbon dioxide recirculation. Thus, the system must be designed
such a way that, the gaseous carbon dioxide can be introduced into the combustion chamber
while the fuel and oxidizer are in liquid phase.
5.2

Future Work

The development of a directly heated supercritical power generation system requires a significant
amount of research and experimental validations. The numerical analyses for the feed systems
are conducted in this investigation. The project requires experimental validation of the analysis
that will take into account all the loses during the process. Moreover, the supercritical
combustion characteristics are yet to be determined.
For the next of the project, with the requirements which are synthesized from the cycle
and system design analysis, initial design of the 9 KN LOX/Methane rocket engine based
supercritical combustor will be completed. The initial combustor design will be sized for a
nominal 300 MWe power cycle. However, two scaled down designs (for 10 MWe and 1 MWe)
will be also produced for subscale demonstrations. The initial design will include detailed
structural analysis and flow and combustion optimizations. The structural analysis will be done
using commercial finite element package MSC NASTRAN® and Abaqus®. The flow
optimization and combustion analysis will be performed using ANSYS Fluent® computational
fluid dynamics package. However, user defined function for real gas models will be implanted in
the Fluent to simulate the supercritical flow regimes of the proposed combustor. The blueprint
for the combustor will be produced in NX® 9 computer aided design package.
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Limited experimental measurements of three existing injectors (shear co-axial, pintle, and
modified shear co-axial injectors) will be done to understand their performance in the combustor
operating conditions. Two high speed imaging systems (High Speed Shadowgraphy/Spray Sizing
and Time Resolved Particle Image Velocimetry) will be used with cSETR existing high pressure
optically accessible combustor facilities to characterize the supercritical mixing of oxygen,
methane, and CO2. The experimental measurements will allow optimizing these injectors for the
demonstration task as well as validating the CFD analysis.
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Appendix


ASPEN HYSYS® Case Setup for a Liquid Feed System Driven Gas Turbine

Figure 20 ASPEN HYSYS® Properties Setup Interface
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Figure 21 ASPEN HYSYS® Simulation Setup Interface
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Figure 22 ASPEN HYSYS® Material Input Interface (Methane)
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Figure 23 ASPEN HYSYS® Material Cooler Setup Interface
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Figure 24 ASPEN HYSYS® Pump Setup Interface
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Figure 25 ASPEN HYSYS® Reactor Interface
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Figure 26 ASPEN HYSYS® Turbine Setup Interface
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Inlet Properties for the Methane, Oxygen and Carbon Dioxide

Table 2 Inlet Properties of the Methane
Stream Name
Molecular Weight

G_CH4
16.04290009

Molar Density [kgmole/m3]

1.200989072

Mass Density [kg/m3]

19.26734768

Act. Volume Flow [m3/h]

4163.261147

Mass Enthalpy [kJ/kg]

-4661.237068

Mass Entropy [kJ/kg-C]

12.12485588

Heat Capacity [kJ/kgmoleC]
Mass Heat Capacity [kJ/kgC]
LHV Molar Basis (Std)
[kJ/kgmole]
HHV Molar Basis (Std)
[kJ/kgmole]
HHV Mass Basis (Std)
[kJ/kg]
LHV Mass Basis (Std)
[kJ/kg]
Phase Fraction [Vol.
Basis]
Phase Fraction [Mass
Basis]
Phase Fraction [Act. Vol.
Basis]
Mass Exergy [kJ/kg]

39.29350832
2.449277133
802703
884723
55147.32344
50034.78147
1
1
1
516.9546377

Partial Pressure of CO2
[kPa]
Cost Based on Flow
[Cost/s]
Act. Gas Flow [ACT_m3/h]

0
0
4163.261147

Avg. Liq. Density
[kgmole/m3]
Specific Heat [kJ/kgmoleC]
Std. Gas Flow [STD_m3/h]

18.66208796

Std. Ideal Liq. Mass
Density [kg/m3]
Z Factor

299.3940125

Watson K

19.52360634

39.29350832
118222.9185

0.959407364

Partial Pressure of H2S
[kPa]
Cp/(Cp - R)

1.268384049

Cp/Cv

1.366345463

Heat of Vap. [kJ/kgmole]

4459.941017

0
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Kinematic Viscosity [cSt]

0.637202309

Liq. Mass Density (Std.
Cond) [kg/m3]
Liq. Vol. Flow (Std. Cond)
[m3/h]
Liquid Fraction

36.18250162

Molar Volume [m3/kgmole]

0.832647044

Mass Heat of Vap. [kJ/kg]

278.0009221

2216.955612
0

Phase Fraction [Molar
Basis]
Thermal Conductivity [W/mK]
Viscosity [cP]

1
3.83E-02
1.23E-02

Cv (Semi-Ideal)
[kJ/kgmole-C]
Mass Cv (Semi-Ideal)
[kJ/kg-C]
Cv [kJ/kgmole-C]

30.97918832

Mass Cv [kJ/kg-C]

1.792575304

1.931021708
28.75810649

True VP at 37.8 C [kPa]
Liq. Vol. Flow - Sum(Std.
Cond) [m3/h]
Viscosity Index

2216.955612
-59.19094058

Table 3 Inlet Properties of the Oxygen
Stream Name
Molecular Weight

G_O2
32

Molar Density [kgmole/m3]

0.10454626

Mass Density [kg/m3]

3.345480332

Act. Volume Flow [m3/h]

95651.43664

Mass Enthalpy [kJ/kg]

-9.729862235

Mass Entropy [kJ/kg-C]

5.464360233

Heat Capacity [kJ/kgmole-C]

29.19740347

Mass Heat Capacity [kJ/kg-C]

0.912418858

Phase Fraction [Vol. Basis]

1

Phase Fraction [Mass Basis]

1

Phase Fraction [Act. Vol. Basis]

1

Mass Exergy [kJ/kg]

70.04470351

Act. Gas Flow [ACT_m3/h]

95651.43664

Avg. Liq. Density [kgmole/m3]

35.55250168
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Specific Heat [kJ/kgmole-C]

29.19740347

Std. Gas Flow [STD_m3/h]

236444.3643

Std. Ideal Liq. Mass Density [kg/m3]

1137.680054

Z Factor

0.998127788

Watson K

4.785537538

Partial Pressure of H2S [kPa]

0

Cp/(Cp - R)

1.398136607

Cp/Cv

1.405530213

Heat of Vap. [kJ/kgmole]

6478.676585

Kinematic Viscosity [cSt]

6.097553415

Liq. Mass Density (Std. Cond) [kg/m3]

97.48612276

Liq. Vol. Flow (Std. Cond) [m3/h]

3282.518485

Liquid Fraction

0

Molar Volume [m3/kgmole]

9.565143664

Mass Heat of Vap. [kJ/kg]

202.4586433

Phase Fraction [Molar Basis]

1

Surface Tension [dyne/cm]
Thermal Conductivity [W/m-K]

2.56E-02

Viscosity [cP]

2.04E-02

Cv (Semi-Ideal) [kJ/kgmole-C]

20.88308347

Mass Cv (Semi-Ideal) [kJ/kg-C]

0.652596358

Cv [kJ/kgmole-C]

20.77323077

Mass Cv [kJ/kg-C]

0.649163462

True VP at 37.8 C [kPa]
Liq. Vol. Flow - Sum(Std. Cond) [m3/h]

3282.518485

Table 4 Inlet Properties of the Carbon Dioxide
Stream Name

CO2 Inlet

Molecular Weight

44.0097

Molar Density [kgmole/m3]

18.05252

Mass Density [kg/m3]

794.4861

Act. Volume Flow [m3/h]

2265.615

Mass Enthalpy [kJ/kg]

-9194.51

Mass Entropy [kJ/kg-C]

3.236234

Heat Capacity [kJ/kgmole-C]

131.0855

Mass Heat Capacity [kJ/kg-C]

2.97856

CO2 Apparent Mole Conc. [kgmole/m3]

18.05252

CO2 Apparent Wt. Conc. [kgmol/kg]

2.27E-02

Mass Exergy [kJ/kg]

217.3401
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Avg. Liq. Density [kgmole/m3]

18.75348

Specific Heat [kJ/kgmole-C]

131.0855

Std. Gas Flow [STD_m3/h]

967059.2

Std. Ideal Liq. Mass Density [kg/m3]

825.335

Act. Liq. Flow [m3/s]

0.629338

Z Factor

0.241752

Watson K

8.523772

Partial Pressure of H2S [kPa]

0

Cp/(Cp - R)

1.067722

Cp/Cv

3.227947

Kinematic Viscosity [cSt]

7.09E-02

Liq. Mass Density (Std. Cond) [kg/m3]

397.9501

Liq. Vol. Flow (Std. Cond) [m3/h]

4523.181

Liquid Fraction

1

Molar Volume [m3/kgmole]

5.54E-02

Mass Heat of Vap. [kJ/kg]

-744.54

Phase Fraction [Molar Basis]

0

Surface Tension [dyne/cm]

0.2657

Thermal Conductivity [W/m-K]

4.35E-02

Viscosity [cP]

5.63E-02

Cv (Semi-Ideal) [kJ/kgmole-C]

122.7712

Mass Cv (Semi-Ideal) [kJ/kg-C]

2.789639

Cv [kJ/kgmole-C]

40.60956

Mass Cv [kJ/kg-C]

0.922741

Cv (Ent. Method) [kJ/kgmole-C]

78.02725

Mass Cv (Ent. Method) [kJ/kg-C]

1.772956

Cp/Cv (Ent. Method)

1.679997

Liq. Vol. Flow - Sum(Std. Cond) [m3/h]

4523.181
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Combustion Product Composition (Mass Fraction)

Table 5 Combustion Product Composition of a Gaseous Feed System Driven Gas Turbine
Combustor
Component

Composition

Methane

1.11E-11

Oxygen

4.84E-02

CO2

0.250204

H2O

0.604687

CO

6.70E-02

Hydrogen

2.97E-02

Table 6 Combustion Product Composition of a Liquid Feed System Driven Gas Turbine
Combustor
Components

Compostion

Methane

1.88E-11

Oxygen

6.18E-02

CO2

0.231316

H2O

0.586779

CO

8.14E-02

Hydrogen

3.87E-02

Table 7 Combustion Product Composition of a Liquid Feed System Driven Gas Turbine
Combustor (Integrating Liquid CO2 Recirculation)
Component

Composition

Methane

3.35E-25

Oxygen

4.80E-04

CO2

0.821063

H2O

0.178454

CO

2.63E-06

Hydrogen

2.44E-07
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Table 8 Combustion Product Composition of a Liquid Feed System Driven Gas Turbine
Combustor (Integrating Gaseous CO2 Recirculation)
Component

Composition

Methane

3.35E-25

Oxygen

4.80E-04

CO2

0.821063

H2O

0.178454

CO
Hydrogen

2.63E-06
2.44E-07

60



Turbine Exhaust Properties of the Different Gas Turbines

Table 9 Turbine Exhaust Properties of a Gaseous Feed System Driven Gas Turbine
Stream Name
Molecular Weight
Molar Density [kgmole/m3]
Mass Density [kg/m3]
Act. Volume Flow [m3/h]
Mass Enthalpy [kJ/kg]
Mass Entropy [kJ/kg-C]
Heat Capacity [kJ/kgmole-C]
Mass Heat Capacity [kJ/kg-C]
LHV Molar Basis (Std)
[kJ/kgmole]
HHV Molar Basis (Std)
[kJ/kgmole]
HHV Mass Basis (Std) [kJ/kg]
LHV Mass Basis (Std) [kJ/kg]
Phase Fraction [Vol. Basis]
Phase Fraction [Mass Basis]
Phase Fraction [Act. Vol.
Basis]
Mass Exergy [kJ/kg]
Partial Pressure of CO2 [kPa]
Cost Based on Flow [Cost/s]
Act. Gas Flow [ACT_m3/h]
Avg. Liq. Density [kgmole/m3]
Specific Heat [kJ/kgmole-C]
Std. Gas Flow [STD_m3/h]
Std. Ideal Liq. Mass Density
[kg/m3]
Z Factor
Watson K
User Property
Partial Pressure of H2S [kPa]
Cp/(Cp - R)
Cp/Cv
Heat of Vap. [kJ/kgmole]
Kinematic Viscosity [cSt]
Liq. Mass Density (Std. Cond)
[kg/m3]
Liq. Vol. Flow (Std. Cond)
[m3/h]
Liquid Fraction
Molar Volume [m3/kgmole]
Mass Heat of Vap. [kJ/kg]
Phase Fraction [Molar Basis]
Surface Tension [dyne/cm]
Thermal Conductivity [W/m-K]
Viscosity [cP]
Cv (Semi-Ideal) [kJ/kgmole-C]
Mass Cv (Semi-Ideal) [kJ/kgC]
Cv [kJ/kgmole-C]

Exhaust
25.38951821
4.97E-03
0.126095099
3173808.511
-5879.151544
12.14199073
76.2281953
3.002349027
26157.10186
52174.74834
2054.971973
1030.232305
1
1
1
3129.905223
24.99537107
0
3173808.511
34.69366936
76.2281953
372694.8854
880.8555501
1.000148263
7.998821801
0
1.122424467
1.122448135
247690.5806
545.8734831
969.4458027
412.8149255
0
201.3521423
9755.623502
1
-8.43E-02
6.88E-02
67.9138753
2.674878457
67.91244327
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Mass Cv [kJ/kg-C]
True VP at 37.8 C [kPa]
Liq. Vol. Flow - Sum(Std.
Cond) [m3/h]
Viscosity Index

2.674822054
2963.362839
412.8149255
-6.997386928

Table 10 Turbine Exhaust Properties of a Liquid Feed System Driven Gas Turbine
Stream Name
Molecular Weight
Molar Density [kgmole/m3]
Mass Density [kg/m3]
Act. Volume Flow [m3/h]
Mass Enthalpy [kJ/kg]
Mass Entropy [kJ/kg-C]
Heat Capacity [kJ/kgmole-C]
Mass Heat Capacity [kJ/kg-C]
LHV Molar Basis (Std) [kJ/kgmole]
HHV Molar Basis (Std) [kJ/kgmole]
HHV Mass Basis (Std) [kJ/kg]
LHV Mass Basis (Std) [kJ/kg]
Phase Fraction [Vol. Basis]
Phase Fraction [Mass Basis]
Phase Fraction [Act. Vol. Basis]
Mass Exergy [kJ/kg]
Partial Pressure of CO2 [kPa]
Cost Based on Flow [Cost/s]
Act. Gas Flow [ACT_m3/h]
Avg. Liq. Density [kgmole/m3]
Specific Heat [kJ/kgmole-C]
Std. Gas Flow [STD_m3/h]
Std. Ideal Liq. Mass Density [kg/m3]
Z Factor
Watson K
Cp/(Cp - R)
Cp/Cv
Heat of Vap. [kJ/kgmole]
Kinematic Viscosity [cSt]
Liq. Mass Density (Std. Cond) [kg/m3]
Liq. Vol. Flow (Std. Cond) [m3/h]
Liquid Fraction
Molar Volume [m3/kgmole]
Mass Heat of Vap. [kJ/kg]
Phase Fraction [Molar Basis]
Surface Tension [dyne/cm]
Thermal Conductivity [W/m-K]
Viscosity [cP]
Cv (Semi-Ideal) [kJ/kgmole-C]
Mass Cv (Semi-Ideal) [kJ/kg-C]
Cv [kJ/kgmole-C]
Mass Cv [kJ/kg-C]
True VP at 37.8 C [kPa]
Liq. Vol. Flow - Sum(Std. Cond) [m3/h]

Exhaust
25.08619
4.54E-03
0.113826
3514028
-4829.11
12.5301
94.87906
3.782122
32413.36
58065.02
2314.621
1292.08
1
1
1
3799.095
23.13158
0
3514028
34.92287
94.87906
376999.1
876.0818
1.000142
7.882493
1.096047
1.096062
243501.8
657.5389
938.1119
426.3747
0
220.391
9706.608
1
-0.17835
7.48E-02
86.56474
3.450692
86.56359
3.450647
3194.708
426.3747
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Viscosity Index

-3.61156

Table 11 Turbine Exhaust Properties of a Liquid Feed System Driven Gas Turbine (With Liquid
Carbon Dioxide Recirculation)
Stream Name
Molecular Weight
Molar Density [kgmole/m3]
Mass Density [kg/m3]
Act. Volume Flow [m3/h]
Mass Enthalpy [kJ/kg]
Mass Entropy [kJ/kg-C]
Heat Capacity [kJ/kgmole-C]
Mass Heat Capacity [kJ/kg-C]
LHV Molar Basis (Std) [kJ/kgmole]
HHV Molar Basis (Std) [kJ/kgmole]
HHV Mass Basis (Std) [kJ/kg]
CO2 Loading
CO2 Apparent Mole Conc. [kgmole/m3]
CO2 Apparent Wt. Conc. [kgmol/kg]
LHV Mass Basis (Std) [kJ/kg]
Phase Fraction [Vol. Basis]
Phase Fraction [Mass Basis]
Phase Fraction [Act. Vol. Basis]
Mass Exergy [kJ/kg]
Partial Pressure of CO2 [kPa]
Cost Based on Flow [Cost/s]
Act. Gas Flow [ACT_m3/h]
Avg. Liq. Density [kgmole/m3]
Specific Heat [kJ/kgmole-C]
Std. Gas Flow [STD_m3/h]
Std. Ideal Liq. Mass Density [kg/m3]
Z Factor
Watson K
Partial Pressure of H2S [kPa]
Cp/(Cp - R)
Cp/Cv
Heat of Vap. [kJ/kgmole]
Kinematic Viscosity [cSt]
Liq. Mass Density (Std. Cond) [kg/m3]
Liq. Vol. Flow (Std. Cond) [m3/h]
Liquid Fraction
Molar Volume [m3/kgmole]
Mass Heat of Vap. [kJ/kg]
Phase Fraction [Molar Basis]
Thermal Conductivity [W/m-K]
Viscosity [cP]
Cv (Semi-Ideal) [kJ/kgmole-C]
Mass Cv (Semi-Ideal) [kJ/kg-C]
Cv [kJ/kgmole-C]
Mass Cv [kJ/kg-C]
True VP at 37.8 C [kPa]

Exhaust
39.36503
1.74E-02
0.686407
3205072
-8890.48
6.350255
46.55723
1.182705
0.804082
7319.231
185.9323

2.04E-02
1
1
1
167.481
82.02417
0
3205072
21.26897
46.55723
1321412
837.2537
0.999902
8.522032
0
1.217408
1.21814
30213.29
46.94208
974.2718
2258.081
0
57.34937
767.516
1
4.85E-02
3.22E-02
38.24291
0.971494
38.21992
0.97091
3251.765
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Liq. Vol. Flow - Sum(Std. Cond) [m3/h]
Viscosity Index

2258.081
-73.8616

Table 12 Turbine Exhaust Properties of a Liquid Feed System Driven Gas Turbine (With
Gaseous CO2 Recirculation)
Stream Name
Molecular Weight
Molar Density [kgmole/m3]
Mass Density [kg/m3]
Act. Volume Flow [m3/h]
Mass Enthalpy [kJ/kg]
Mass Entropy [kJ/kg-C]
Heat Capacity [kJ/kgmole-C]
Mass Heat Capacity [kJ/kg-C]
LHV Molar Basis (Std) [kJ/kgmole]
HHV Molar Basis (Std) [kJ/kgmole]
HHV Mass Basis (Std) [kJ/kg]
LHV Mass Basis (Std) [kJ/kg]
Phase Fraction [Vol. Basis]
Phase Fraction [Mass Basis]
Phase Fraction [Act. Vol. Basis]
Mass Exergy [kJ/kg]
Partial Pressure of CO2 [kPa]
Cost Based on Flow [Cost/s]
Act. Gas Flow [ACT_m3/h]
Avg. Liq. Density [kgmole/m3]
Specific Heat [kJ/kgmole-C]
Std. Gas Flow [STD_m3/h]
Std. Ideal Liq. Mass Density [kg/m3]
Z Factor
Watson K
Partial Pressure of H2S [kPa]
Cp/(Cp - R)
Cp/Cv
Heat of Vap. [kJ/kgmole]
Kinematic Viscosity [cSt]
Liq. Mass Density (Std. Cond) [kg/m3]
Liq. Vol. Flow (Std. Cond) [m3/h]
Liquid Fraction
Molar Volume [m3/kgmole]
Mass Heat of Vap. [kJ/kg]
Phase Fraction [Molar Basis]
Thermal Conductivity [W/m-K]
Viscosity [cP]
Cv (Semi-Ideal) [kJ/kgmole-C]
Mass Cv (Semi-Ideal) [kJ/kg-C]
Cv [kJ/kgmole-C]
Mass Cv [kJ/kg-C]
True VP at 37.8 C [kPa]
Liq. Vol. Flow - Sum(Std. Cond) [m3/h]
Viscosity Index

Exhaust
39.36503
1.74E-02
0.686407
3205072
-8890.48
6.350255
46.55723
1.182705
0.804082
7319.231
185.9323
2.04E-02
1
1
1
167.481
82.02417
0
3205072
21.26897
46.55723
1321412
837.2537
0.999902
8.522032
0
1.217408
1.21814
30213.29
46.94208
974.2718
2258.081
0
57.34937
767.516
1
4.85E-02
3.22E-02
38.24291
0.971494
38.21992
0.97091
3251.765
2258.081
-73.8616
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